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Abstract

We discuss the extension of the powerful technique of Thomson scattering to the X-ray regime for
providing an independent measure of plasma parameters for dense plasmas. By spectrally resolving the
scattering, the coherent (Rayleigh) unshifted scattering component can be separated from the incoherent
Thomson component, which is both Compton and Doppler shifted. The free electron density and temper-
ature can then be inferred from the spectral shape of the high-frequency Thomson scattering component.
In addition, as the plasma temperature is decreased, the electron velocity distribution as measured by in-
coherent Thomson scattering will make a transition from the traditional Gaussian Boltzmann distribution
to a density-dependent parabolic Fermi distribution. We also present a discussion for a proof-of-principle
experiment appropriate for a high-energy laser facility. ? 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The microscopic behavior of solid density plasmas has been the subject of numerous the-
oretical studies [1–4] but no known de!nitive experiments. There has been a recent surge
interest in understanding solid density plasma properties, partially motivated by the emergence
of short-pulse high-power lasers that have the ability to heat solids before signi!cant hydro-
dynamic motion occurs [5,6]. Currently, microscopic experimental techniques are limited, as
optical probing only provides information on rare!ed surface layers since solid density plasmas
are opaque to visible and UV light. The matter of interest is at su"ciently low temperature that
emission spectroscopy is not possible. Absorption spectroscopy can only be employed at higher
energy as the transmission of probe sources will be too small for outer shell line transitions.
To make progress in this regime, we propose a powerful, alternative diagnosis method, spec-

trally resolved multi-keV X-ray scattering. By spectrally discriminating between the coherent
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(Rayleigh), Compton and Thomson scattering components, we expect to gather information on
several microscopic parameters, including the free and bound electron densities and fractions,
temperature, plasma #ow velocity, and plasma collisionality. We will further show that the
Omega facility at the Laboratory for laser energetics can provide the required photon #ux for
single-shot detection and the required uniform heating by virtue of its many beams covering a
full sphere.
The method will be to prepare a uniformly heated (up to 10 eV) solid density mm-scale Be

plasma by volumetric heating using multi-keV X-rays from laser-created solid target plasmas.
Another multi-keV line radiator, at wavelength !, produced from a second delayed laser plasma
will provide the narrow ($!=!¡ 0:003) line required for X-ray Thomson scattering before
the Be plasma cools or disassembles. The near back-scattered photons will be collected and
spectrally dispersed by a high-re#ectance Bragg crystal coupled to a gated framing camera. We
expect to be able to determine both the Fermi energy TF (and hence free electron density) and
electron temperature from the high-frequency component of the Thomson scattered spectrum.
We expect this !rst attempt at extending the versatility of laser Thomson scattering [1] to the
X-ray regime to lead to detailed dense plasma studies of great interest to the high-energy density
and plasma physics communities.

2. Motivation

The full range of plasmas, from Fermi degenerate, to strongly coupled, to high-temperature
ideal gas plasmas are present at high density in a variety of laboratory [7–13] and astrophysical
environments [14–16]. The Fermi degenerate plasmas can be characterized by Te¡TF, the
strongly coupled plasmas by a combination of Te¿TF and the ratio "ee of the Coulomb potential
energy between free electrons to the kinetic energy of the free electrons being ¿ 1, and the
ideal plasmas by "ee¡ 1. These are states of matter occurring at some location during the
interaction between intense lasers and a solid. These are also regimes accessed by the DT fuel
during an ICF implosion.
In Fig. 1, the strongly coupled plasma ("ee¿ 1 and Te¿TF) and Fermi degenerate regimes

(Te¡TF) are shown shaded in electron density ne—electron temperature Te space. For a given
density at the lowest temperatures, the plasmas are either Fermi degenerate or only partially
ionized, and hence in a sense only weakly coupled. At higher temperatures, they behave as
ideal gases with insigni!cant inter-particle coupling. In between, the ideal gas approximation
for plasma behavior breaks down. The concept of a Debye screening length breaks down since
the Debye length !D becomes less than the average interparticle spacing. Various statistical me-
chanics models [18–20] di%er by factors of several in the predicted electron–ion collisionality
in this regime. Material properties such as electrical [21–24] and thermal conductivity [25,26],
opacity [27–30], and equation-of-state (EOS) [31,32] have been studied in this regime to attempt
to resolve theoretical and calculational uncertainties. However, the usefulness of such measure-
ments has been impaired because of the lack of an independent measurement of temperature
and density.
Moreover, the optical experiments conducted so far have either probed low-density plasmas

amenable to internal optical probing [27,33,34], or attempted to infer conditions by probing in
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Fig. 1. Electron density and temperature parameter space showing Fermi degenerate (upper left shaded) and strongly
coupled plasma regimes (middle shaded), where lower regime edges are set by Te=TF and "ee=1, respectively. The
dashed line at ≈ 2× 1023 cm−3 represents the solid Be equilibrium electron density (conduction and free electrons)
[17]. Typical regions for Thomson backscattering, i.e., where #=180

◦
, are denoted by solid lines that bound $=0:1

and 0.3 for probe wavelengths = 2400 and 2:4 &A.

re#ection mode [35]. Fig. 1 indicates that to probe at depth the low-density, strongly coupled
regime with an optical probe, one must work at eV or sub-eV temperatures. This leads to
either partial ionization and hence the complication of neighboring bound states and dominance
of electron atom collisions, or the production of a transient over-ionized non-equilibrium state
which will quickly recombine by three-body recombination. Surface probing of any overdense
plasmas is di"cult to interpret [6,35–39] because density gradient scalelengths of the order
of !=2% dramatically modify observables such as re#ectivity and phase modulation [36,40,41].
Internal X-ray probing for plasmas at densities near solid and above has relied, so far, on
continuum edge spectroscopy and extended X-ray absorption !ne structure (EXAFS) [42–46],
line shape spectroscopy [10,47], or non-spectrally resolved X-ray scattering [48–51]. However,
the interpretation of results from all such techniques rely on knowledge of the ionization balance,
density and temperature.
We discuss here an extension of spectrally resolved Thomson scattering to the X-ray regime,

for direct measurements of the ionization state, density, temperature, and the microscopic be-
havior of dense plasmas. This would be the !rst direct measurement of microscopic parameters
of solid density plasmas, which eventually could be used to properly interpret laboratory mea-
surements of material properties such as thermal and electrical conductivity, EOS and opacity.

3. X-ray Thomson scattering

Thomson scattering [52–55] at a probe wavelength ! and angle # is characterized by the
scattering parameter $, proportional to the ratio of the probing scale length !s = !=2 sin(#=2) to
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the Debye length

$= !s=2%!D: (1)

For $¡ 1, spectrally resolved incoherent Thomson scattering provides information on the elec-
tron velocity distribution function f(v) and directed velocity of free electrons from the Doppler
shifts experienced by scattered probe photons. For $¿ 1, the collective scattering regime, the
scattering is sensitive to temporal correlations between electron motion separated by more than
a Debye length and hence the scattering is dominated by ion-acoustic and electron plasma wave
resonances, the latter set by the Bohm–Gross dispersion relation. The frequency shift of the
resonance is dependent on density through the plasma frequency, while the width of the reso-
nances yields information on wave damping. In the intermediate regime near $=1, the form of
the electron plasma high-frequency component depends strongly on both the electron tempera-
ture and density, providing a robust internal measurement of these basic plasma parameters, as
con!rmed by spectroscopy [56].
Plotted in Fig. 1 are the regimes accessible by Thomson scattering with $ = 0:1–0.3 and

# = 180◦ for a UV and an X-ray probe wavelength !. By Eq. (1), such Thomson scattering
accesses regimes in which the Debye length is of order the probe wavelength (e.g., !D ≈ 1000 &A
for a 2400 &A probe). By switching from a UV probe at 2400 &A to an X-ray probe at 2:4 &A, we
can e%ectively probe solid density plasmas with Debye lengths of the order of the interparticle
spacing or shorter. Stated di%erently, for a given plasma temperature, we should be able to
access a density that is six orders of magnitude higher than previously attempted. In particular,
Fig. 1 shows that the solid density regime (shown for beryllium) is accessible to 2:4 &A Thomson
scattering.
It is interesting to consider the Te − ne parameter space covered at a constant value of the

scattering parameter $ as one transitions from the ideal to Fermi degenerate plasma regime. In
the case of ideal plasmas, $ ∼ 1=!D ∼

√
(ne=Te), so constant $ corresponds to a line of slope

+1 in Fig. 1. For Fermi degenerate plasmas, the Debye length is no longer determined simply
by the ionized “free” electron density. Only those electrons at the top of the Fermi surface
can participate in momentum changing collisions and hence in shielding, with the fraction =
(3=2)(TF=Te). Including this fractional term in the formula for !D and hence $ leads to

$ ∼
√
{(3=2)ne(Te=TF)=Te} ∼

√
(ne=TF) ∼ n1=6e : (2)

Hence, for Fermi degenerate plasmas, one !nds [57] that the scattering parameter $ is indepen-
dent of Te, as shown by the horizontal low-temperature part of the $ = 0:3, ! = 2:4 &A line in
Fig. 1. Accessing the collective scattering regime $¿ 1 will require either smaller scattering
angles, considerably higher densities and=or longer wavelength probes.
For spectrally resolved X-ray Thomson scattering, one does not necessarily need an X-ray

laser [58] for the following reasons. First, information on solid density plasmas can be ob-
tained by resolving the high-frequency Thomson scattered components, so that only probe line
widths $!=! of order v=c are required, =0:003 at a few eV electron temperature. These can
be provided by resonance lines from hot mid Z plasmas. Second, Thomson scattering from
individual electrons ($¡ 1 regime) is incoherent and hence will require little or no probe trans-
verse coherence. Third, the fraction of scattered photons will be substantial. For example, for
ne =1:6×1023 cm−3, the Thomson scattering cross section of &T =6:6×10−25 cm−2, and a path
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Fig. 2. Schematic of spectrally resolved X-ray
backscattering spectrum expected, with information
provided by each feature noted as f( ). The shape
of the electron Thomson scattered feature will change
from a parabolic Fermi degenerate distribution for
Te!TF to a Gaussian Boltzmann distribution for
Te"TF. The peak labeled Compton scattering will be a
mixture of scattering from weakly bound electrons and
low-frequency ion acoustic-driven Thomson scattering
from free electrons for values of $¿ 0:1.

Fig. 3. Calculated $! Thomson backscattered spectra
for various ratios of Te=TF for TF = 15 eV. Solid, long
dashed and short dashed correspond to Te=TF =0:1, 0.2
and 0.4. The spectral shift corresponding to an elec-
tron velocity component equal to the Fermi velocity is
denoted by a vertical line. Note that only one side of
spectrum shown, and that $' = 0 corresponds to the
Compton shifted frequency.

length x of 0:1 cm accessible in low Z material, the fraction scattered = ne&x = 0:01, close to
the maximum desirable for avoiding multiple scatterings. Coupled with a realistic source solid
angle of 0:1 sr, the scattered fraction is 10−4, which is substantially larger than that available
for visible Thomson scattering at lower densities.
A schematic of the expected generic backscattered spectrum is shown in Fig. 2. Coherent

scattering [59] from tightly bound electrons (Ztb per atom) should provide an unshifted peak
at the probe wavelength whose intensity varies as Z2tb. Incoherent Compton scattering from
weakly bound (binding energy¡ 2(h')2=mec2) electrons [60–62] (Zwb per atom) should provide
a second peak downshifted in energy by 2h'=mc2, with an intensity varying as Zwb. Compton
and Thomson scattering from free electrons (Zf per atom) should provide a dispersed spectrum
centered on the Compton peak, with a spectrally integrated intensity varying as Zf . The form of
the Thomson scattered spectrum will in general depend on the Fermi energy TF, free electron
density ne, temperature Te, electron–ion collisionality 'ei, and strong coupling parameter ". In
the limit Te=TF¡ 1 and $!1, the incoherent scattered distribution function from electrons will
be dependent on Te and TF and is given by f($'=')=f{2(vx=vF)(vF=c)sin(#=2)}, where f(vx=vF)
is given by

f
(

vx
vF

)

d
(

vx
vF

)

˙
∫ %=2

0

(vx=vFcos()2tan ( d(
exp[((vx=vF cos()2 − 1 + (%2=12)(Te=TF)2)=(Te=TF)] + 1

d
(

vx
vF

)

;

(3)

where vx is the component of the electron velocity in the 'x = 'ks = 'kscat − 'kI=P direction, vF
is the Fermi velocity =

√
(2kTF=me), ( is the angle between the electron velocity direction
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and the x-axis, and $' is the frequency shift from the Compton shifted position. The term
(%2=12)(Te=TF)2 accounts for the fact that the chemical potential ) in the expression for the
occupation of states for fermions, 1={exp[(E − ))=Te] + 1}, has some temperature dependence
at !nite temperature [63].
Examples of calculated Thomson scattered spectra using Eq. (3) are shown in Fig. 3 as a

function of various values of Te=TF (for TF=15 eV, #=180
◦). In the limit of Te=0, the form of

the scattered distribution function is parabolic [64], making a transition to the familiar Gaussian
distribution in the case of Boltzmann statistics (Te"TF). Clearly measurements on the tail of
the distribution are most sensitive to the ratio Te=TF.
Hence, by spectrally resolving the scattered X-ray spectrum, we would gain access, for the

!rst time, to an unparalleled source of information on warm-to-hot dense matter. For example,
we should be able to infer Zf , Ztb, and Zwb from the relative intensities of coherent, incoherent
and free electron scattering contributions. This would allow us to discriminate between di%erent
ionization balance models [51] such as Thomas–Fermi and Inferno [65]. We should be able
to infer the free electron temperature, Fermi energy TF, hence electron density (and ionization
state in cases where the ion density is known or e%ectively hydrodynamically frozen) from the
shape of the Thomson scattered spectrum for $¡ 1. Furthermore, for strongly coupled plasmas,
one of the more intriguing possibilities is the establishment of long-range coherence even in
the plasma state. In that case, one would need to increase the transverse coherence length of
our incoherent source, easily accomplished by further distancing the source from the sample.
If coherent plasma wave modes exist, then the Thomson scattering contribution should increase
as the square of the number of coherent scatterers.

4. Experimental design

We have designed an X-ray scattering experiment optimized for the Omega laser facility
[66] capabilities which should provide high-quality spectral data on a single shot. A detailed
view of the target design is shown in Fig. 4. The emphasis here is to create a uniformly

Fig. 4. Schematic, drawn to scale, of proposed experimental set-up at Omega. Target is cylindrically symmetric
about collection axis (dashed line). 20 kJ irradiates a thin CsI-coated plastic foil surrounding the central cylindrical
Be sample, producing the 4–5 keV X-ray heating source. A 5 keV Thomson scattering probe is produced on the
left by irradiating a thin vanadium annular foil with 5–6 kJ of laser energy.
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Fig. 5. (a) Cylindrical target geometry with overhang optimized to minimize gradients in Be; (b) Calculated distri-
bution function of energy absorbed per atom throughout Be sample visible to spectrometer. Solid and dashed lines
correspond to cases with (outer=inner length = 1:5) and without overhang geometry. Case plotted is for Be cylinder
inner length, outer length and radius = 0:5, 0.75 and 0.25 of pump photon mean free path.

heated large-scale sample with known energy content that can be probed internally before it
cools or disassembles appreciably. The previous experiments have either been performed in the
presence of unknown density and temperature gradients, or unknown temperatures, requiring
hydrodynamic modeling to constrain the interpretation of the data. The percentage of the sample
subject to shock compression and disassembly by rarefaction after preheating is minimized by
minimizing the surface area to volume of the sample. The symmetric arrangement of beams
permits the use of a cylindrical sample overcoated on its curved surface with a thin high Z X-ray
conversion layer transparent to its own multi-keV X-rays for providing the pump source (see
Fig. 4). Forty-two to forty-!ve of the 60 laser beams can be focussed onto this curved surface
at incidence angles below 45◦. Ten to twelve to the remaining beams can be used to provide
a bright X-ray probe source using a mid Z X-ray conversion foil in the shape of an annulus.
The complete target is cylindrically symmetric, making it amenable to direct two-dimensional
(2D) modeling.
The uniformity of heating is optimized here by using multi-keV X-rays over a narrow

band (4–5 keV) to provide volumetric heating, and by enveloping the sample by the pump
source distributed over approximately 3% sr (see Fig. 5a). The pump photon mean free path has
been chosen to be twice the sample diameter to provide acceptable uniformity in the energy
absorbed=sample atom at all positions inside the sample. Fig. 5b shows the results of viewfactor
calculations, plotting the distribution of energy absorbed per atom throughout the central volume
of the Be cylinder. By adding an overhang section, as shown on Fig. 5a, we can increase the
heating of the edges and improve the uniformity of heating to the ±8% level. These calculations
assumed an optically thin isotropic emitter; for the case of an optically thick Lambertian source,
the viewfactor results change only slightly.
To improve the detected signal, one needs to increase the number of potential scattering

electrons, the probe solid angle subtended at the scatterer, and collection solid angle. The !rst
criterion is achieved by maximizing the X-ray mean free path (MFP) by using the lowest
convenient atomic number Z material in solid form, Be. There is an additional advantage in
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using a low Z sample in that there is a reduction in the bound electron scattering contribution
∼(Z2tb + Zwb) relative to the free electron contribution ∼Zf . Hence, any undesirable coherent
scattering due to the spectral wings of the probe by bound electrons can be kept negligi-
ble compared to the dispersed free electron scattering contribution. For solid density Be at
≈10 eV, calculations [17] suggest Ztb≈1, Zwb≈2 and Zf≈1, yielding a ratio of bound electron
to free electron scattering of only 3 to 1. This reduces the spectral contrast required of both
the probe source and detection system. It is also instructive to consider the relative impor-
tance of the inevitable and undesirable scattering from shields and target mounting stalks. The
tightly bound electron scattering contribution=unit area will be ∼Z2tbMFP, hence ∼Z−1:5 since the
MFP scales as Z−3:5. For weakly bound electrons, the Compton scattering contribution will be
∼ZwbMFP ∼Z−2:5. Hence, constructing the shields of high Z material (e.g. Au) will minimize
this problem.
A Be cylinder ∼0:5 mm in diameter × 0:5 mm in length x has been chosen as the optimum

sample, heated by 4–5 keV pump photons which have a 1 mm MFP in cold Be. A laser pulse
length of 1 ns will extract maximum power (20 TW) and energy (E = 20 kJ) from 42 to 45
laser beams while restricting the fraction of sample compression and disassembly (disassembly
rate ≈20 #m=ns at a few eV plasma temperature). By aperturing, as shown in Fig. 5a, one
can also avoid a view of the shock-compressed region which penetrates into the Be at a rate
of 50–75 #m=ns. A CsI layer, which has been shown to have 1.5% conversion e"ciency to
4–5 keV L-shell X-rays at a 2 × 1015 W=cm2 laser intensity, provides the pump source [67].
We calculate that the energy absorbed per Be atom is 20 eV, which should provide a few eV
solid density plasma. Higher temperatures can be achieved by doping a smaller Be sample with
a more absorptive element, at the expense of reducing the number of potential scatterers, or
by using a softer pump photon energy with shorter MFP, at the expense of increased heating
non-uniformity. We note that the separation into pump and probe beams allows for varying the
sample temperature while keeping the number of probe photons !xed. The energy deposited in
the Be sample could be measured on separate shots by using a calibrated crystal spectrometer
viewing the transmitted X-rays from planar CsI targets with and without Be overcoats. The
combination of electron temperature, density, ionization state and energy absorbed would allow
us to address the critical issue of how the energy is partitioned after equilibration has occurred
in a low-temperature dense plasmas.
To choose the scattering photon energy one requires that it is spectrally clear of the pump

source spectrum, that it is high enough such that its MFP is at least twice the sample size, yet
not so high that its production e"ciency *T su%ers [68]. A likely candidate is the He-like V
resonance line at 5:2 keV (!= 2:4 &A), with a 1:4 mm MFP in Be.
The probe solid angle subtended at the sample has been maximized while still allowing for

passage of the scattered photons, and shielding of the spectrometer from the probe source (see
Fig. 4). In addition, the probe can be considered non-invasive relative to the pump source, as
it has ¡1% of the pump strength, having 0.33 the laser energy (ET =6 kJ), 0.2 the hard X-ray
conversion e"ciency and 0.1 the solid angle +T as seen by the Be sample. Potential heating
by soft X-rays from the probe source is eliminated by placing 50 #m of Be between the source
and the Be sample.
A near backscattering geometry (#=160◦) has been chosen for several reasons. First, blurring

of the magnitude of the scattering vector ks due to a !nite range of scattering angles d# in
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the experiment can be minimized by operating close to the backscatter direction, since ks ≈
2k sin(#=2), and hence dks=ks=d#=(2 tan(#=2)) approaches 0 as # approaches 180

◦. In the current
experimental geometry # and d# are set by the desire to minimize the probe stand-o% distance
and keep # close to 180◦, while simultaneously accommodating for realistic spot sizes and probe
laser intensities (≈1015 W=cm2). This has led to #=160◦, d#=±15◦, and hence an acceptable
blurring level of dks=ks = 2%. Second, the scattering e"ciency for unpolarized light is 2× greater
near 180◦ than it is for the more traditional 90◦ geometry. Third, the magnitude of the scattering
vector ks is maximized as 180

◦ is approached, allowing us to access the incoherent scattering
regime ($ = 1=ks!D¡ 1) and=or shorter wavelength correlations without having to resort to
even shorter wavelength probes or having to increase the Debye length by further heating the
plasma. Fourth, the advantageous spectral separation of coherent and incoherent components
due to Compton scattering of the photons from both weakly bound electrons and free electrons
of mass me is greatest at # = 180

◦, as given by dh'=h' ≈ −(h'=mec2)(1 − cos #) ≈ 0:02 for
h' ≈ 5 keV.
The usual Thomson scattering electron feature will be centered around this downshifted inco-

herent Compton scattering peak. Note that the approximate Doppler broadened half-width of the
backscattered electron feature for electrons of velocity v is ≈ 2(

√
2)v=c for scattering parameter

$¡ 1 is less than the Compton downshift for plasma temperatures below 30 eV. The spectral
blurring ,h'=h' due to the !nite range of scattering angles d# for Compton scattering is also
acceptably small, as given by ,h'=h'= (h'=mec2)sin # d#, ≈ 0:001 for h'=5 keV, #=160

◦ and
d#=±15◦.
In addition to the spectral isolation, we envisage delaying the probe by 1 ns and detecting

the spectrally dispersed scattered photons by a standard microchannel-plate-based (MCP) fram-
ing camera to provide temporal isolation from the background of pump photons. The product
of MCP e"ciency and !lter transmission required to protect the spectrometer and detector is
estimated at *d = 1%. At the downshifted energy of 5:1 keV, the di%raction from the e"cient
highly oriented pyrolytic graphite (HOPG) 002 Bragg crystal planes [69] (2d spacing = 6:7 &A,
integrated re#ectivity R=2×10−3 rad) is available at a moderately dispersive 21◦ Bragg angle.
This level of high integrated re#ectivity can be attained while simultaneously maintaining ade-
quate spectral resolution $'='=0:003 by using the natural Johann focussing [70,71] of a mosaic
crystal [72] such as HOPG. The maximum reasonable collection angle in the non-dispersive di-
rection is set by the acceptable detector solid angle, +x ≈ 0:1 rad. The dispersion at the detector
can be set such that the source broadening of 0:5 mm translates to a spectral broadening of
only $'=' = 0:003, small compared to the minimum probe line width (0.002) and the widths
of the Thomson scattered electron features (0.03) (see Fig. 6). A typical 3 cm long MCP active
region will hence accommodate a total spectral coverage d'=' of 0.25, allowing the full scat-
tered spectrum to be detected on a single shot. In particular, the unbroadened, unshifted probe
spectrum conveniently obtained from the nearby coherent scattering component can be used
to deconvolve the total source plus instrument spectral response from the Thomson scattered
spectrum.
The expected signal can now be estimated. The number of detected photons N in the electron

feature is given by: N=(ET*T=h')(+T=4%)(ne&Tx=($2+1))(+xR=4%)*d. Recalling that ET=5 kJ,
*T = 0:003, h'=5 keV, +T=4%=0:01, ne&Tx=($2 + 1)= 0:002–0.003, +xR=4%=2:5× 10−5, and
*d = 0:01 leads to N = 10; 000–15,000 detected photons in the Thomson scattered spectrum.
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Fig. 6. Spectra from probe source (solid line), convolved with source size (dashed line), further convolved with
spectrometer resolution (dotted line), compared with expected unconvolved scattered spectrum (Te=3 eV, TF=15 eV)
(dashed–dotted line).

Distributed over the 10 spectrally resolved bins, the expected signal-to-noise (SNR) ratio due
to photon statistics is excellent, 30–40. It is instructive to consider how the signal scales with
laser energy E and partitioning of pump and probe laser energy. For a given desired sample
temperature, the number of heated sample atoms ∼fE , where f is the fraction of laser energy
used for the heater plasma. The number of probe photons reaching a given sample atom in
a scaled experiment is then ∼(1−f)E. The signal for !xed detector solid angle varies as the
product of the number of potential scatterers and number of probe photons reaching a given
atom, ∼(1−f)fE2. This yields a broad optimum around f = 0:5, with only a factor of 30%
drop in signal for the current f≈0:8 design point. More interesting is the strong E2 scaling,
which explains why smaller laser facilities with 1–10% of the energy are marginal for X-ray
Thomson scattering.

5. Future applications

We have shown that X-ray Thomson scattering is most easily applied to low Z plasmas by
virtue of their long MFPs. These are also the plasmas that are most di"cult to observe by
spectroscopic means since they have no bound transitions in the hard X-ray regime. A future
X-ray Thomson scattering application therefore includes measuring the adiabat (essentially the
ratio Te=TF) and density of deuterium and tritium ICF fuel, both driven in planar and spherically
convergent geometry. The Te−ne regime spanned by imploding fuel in igniting ICF capsules is
shown in Fig. 7. Peak fuel electron densities of 1026 cm−3 with Te 6 TF ≈ 1 keV are required
for e"cient assembly and subsequent burn of the fuel after ignition [8]. The fraction scattered
can be of order 10% for such fuel areal densities of 1023 cm−2. The expected HWHM of the
X-ray Thomson scattering spectrum at such high values of Te and TF is of order 0.1, easily
resolvable.
Another area where X-ray Thomson scattering could provide a non-invasive Te measurement

is for supersonic radiation transport studies [73–75]. Typical electron densities and temperatures
range from 1022 to 1023 cm−3 and from 50 to 200 eV (see Fig. 8), for foam samples heated in
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Fig. 7. Plasma parameter space for ICF DT fuel regime
during compression, showing $ = 0:1 and 1 curves
for !=2:4 &A, # ≈ 180

◦
. Dashed line denotes sep-

aration between upper Fermi degenerate and lower
non-degenerate plasma regimes.

Fig. 8. Plasma parameter space for radiatively heated
foam regime, showing $ = 0:1 and 0.03 curves for
!= 2:4 &A, # ≈ 180◦.

a hohlraum environment. One could switch to 90◦ scattering, and by using a cylindrical Von
Hamos geometry Bragg crystal [76], acquire space-resolved data to provide an axial pro!le of
the temperature. The temperature could either be extracted using the full spectrum recorded in
gated mode or extracted from streaked records of the emissivity at two frequency detunings
(“2-color spectroscopy”).
Finally, we expect that future picosecond to sub-picosecond X-ray laser sources (e.g. the

X-ray XFEL proposal for the Stanford Linear Accelerator, and at DESY, Hamburg) could be
used as X-ray Thomson scattering sources. The advantage here is that the short pulse duration
allows for pumping and probing much smaller samples (#m-scale vs. mm-scale) since the time
allowed for disassembly is 1000× shorter. Coupled with the collimation provided by an X-ray
laser, the requirements on pump and probe X-ray energy are of order 106 less (mJ instead
of kJ).

6. Summary

High-frequency X-ray Thomson scattering has been shown to be a viable technique for infer-
ring microscopic parameters of dense plasmas opaque to optical probing. We have developed an
X-ray Thomson scattering experiment fully optimized for the Omega laser facility capabilities
which should provide high-quality spectral data on a single shot. We expect a successful attempt
at extending the full versatility of laser Thomson scattering to the X-ray regime to open the
door for detailed dense plasma studies of great interest to the high-energy density and plasma
physics communities.
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